**Mid-infrared vibrational spectroscopy is a universal label-free tool for identifying molecular compounds in chemical and biological samples on the basis of their 'fingerprint' vibrational absorption lines. Vibrational spectroscopy with nanometer spatial resolution can reveal the chemical composition of samples at the nanoscale, and several scanning-probe techniques have been developed to address this need^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib6],\ [@bib7],\ [@bib8],\ [@bib9],\ [@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22]^. It is also highly desirable to study biological and chemical samples in their native aqueous environments rather than in air. In aqueous environments, however, the sensitivity of the current vibrational nanospectroscopy techniques deteriorates dramatically^[@bib7],\ [@bib23]^. Here, we report the first mid-infrared nanospectroscopy technique that retains nanoscale sensitivity and spatial resolution when the sample and the scanning probe are completely immersed in water. This method overcomes challenges including water absorption and scattering and the mechanical damping of cantilever vibrations. We further demonstrate spectroscopy and imaging of 20- to 50-nm-thick polymer samples with a 25-nm spatial resolution in the biologically relevant Amide I and II spectral regions.**

Main
====

The diffraction limit restricts the spatial resolution of far-field mid-infrared (λ≈3--15 μm) microscopy to the micrometer scale. To perform mid-infrared spectroscopy at the nanoscale, three major techniques have been developed: near-field scanning optical microscopy (NSOM^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib6],\ [@bib7],\ [@bib8],\ [@bib9],\ [@bib21]^), infrared photoexpansion nanospectroscopy (AFM-IR^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib22]^) and photoinduced force microscopy (PiFM)^[@bib19],\ [@bib20]^. For operation in air, all these techniques have demonstrated a sensitivity of or close to a molecular monolayer and a spatial resolution of 10--30 nm, which is principally limited by the apex radius of the atomic force microscope (AFM) tip.

However, the performance changes when a sample is immersed in water. The scattering and absorption of infrared light and the mechanical damping of cantilever oscillations by water lead to a severe degradation of the performance of all current vibrational nanospectroscopy techniques. Current state-of-the-art results include imaging of a 6-μm-diameter Melamine beads in water with \~1 μm spatial resolution using aperture-type NSOM^[@bib7]^ and a photoexpansion nanospectroscopy of \~1-μm-thick *Candida albicans* fungi^[@bib23]^ in 850--1250 cm^−1^ spectral range. Scattering-type NSOM imaging of samples in ultrathin graphene-covered liquid cells has also recently been demonstrated^[@bib3]^. In this case, the sample was covered by an \~10-nm layer of water below a graphene sheet, and the AFM probe was operated in air. However, ultrathin graphene liquid cells are difficult to implement and are known to subject samples to very high-hydrostatic pressure (ca. 1 GPa)^[@bib24]^.

Here, we demonstrate that high-sensitivity infrared nanospectroscopy can be performed in bulk liquid cells, thus avoiding the complications associated with nanoscale liquid cells. Our method is based on the resonantly enhanced infrared photoexpansion nanospectroscopy (REINS) technique, which we have recently developed^[@bib18]^. The schematic of our experimental setup is shown in [Figure 1a](#fig1){ref-type="fig"}. We illuminate the sample with a train of optical pulses from a quantum cascade laser. The sample is positioned on top of the prism for evanescent illumination, and a gold-coated silicon tip is placed in contact with the sample. A cover glass slide, attached at the back of the cantilever chip holder, holds a water droplet between the glass slide and prism.

REINS operates by detecting the cantilever oscillation amplitude produced by the photoexpansion of a sample. The sample absorbs laser light and undergoes rapid thermal expansion. The expansion produces a force on the AFM tip that leads to a small cantilever deflection detectable by the AFM position-sensitive photodetector (PSPD); see [Figure 1a](#fig1){ref-type="fig"}. The laser pulses are sent in resonance with the cantilever oscillation, and the induced cantilever oscillation amplitude Δ*z* is given by:

where α~abs~ is the sample absorption coefficient, *η* is the optical field enhancement in the sample below the tip, Q is the quality factor (Q-factor) of the cantilever oscillation, and *I* is the input light intensity. Assuming that the field enhancement is constant across the spectral range of interest, the cantilever oscillation amplitude, normalized by the laser intensity, is directly proportional to the sample absorption α~abs~^[@bib18]^.

In an aqueous environment, mid-infrared nanospectroscopy techniques encounter two major challenges. One is the strong mid-infrared light scattering and absorption in water, which can overwhelm the signal from the sample. REINS detects sample absorption via a non-optical method, and unlike NSOM, it is insensitive to light scattering^[@bib17],\ [@bib18]^. We suppress the water absorption by nanofocusing the laser light onto the sample volume immediately below the AFM tip. To achieve this, the sample is evanescently illuminated using a *p*-polarized laser light, and the optical field intensity in the sample below the AFM tip is enhanced because of a combination of the electrostatic boundary condition effect at the prism--sample interface^[@bib25]^ and the tip enhancement due to the metallized AFM tip^[@bib18],\ [@bib26]^, as shown in [Figure 1b](#fig1){ref-type="fig"}. We use a prism made of germanium, which has the highest dielectric constant () of all the mid-infrared materials and provides the strongest field enhancement. The importance of a germanium prism is illustrated in [Figure 1c](#fig1){ref-type="fig"}, which shows the optical field intensity below the AFM tip for the case of a ZnSe prism (), which has a significantly lower dielectric constant than germanium and provides \~6 times lower intensity enhancement. This point is further explained in [Supplementary Information](#sup1){ref-type="supplementary-material"}.

The second challenge faced by the mid-infrared nanospectroscopy techniques in water is strong mechanical damping of the cantilever oscillations. The Q-factor of the fundamental cantilever mechanical resonance can decrease from \~100 in air to only \~1 in water^[@bib27]^. The resonance peak broadening makes it very challenging to operate an AFM in non-contact or tapping modes^[@bib28]^. In contrast to the NSOM and photoinduced force microscopy techniques, REINS records sample spectra by operating the AFM in contact mode^[@bib18]^, thereby avoiding this problem. Liquid damping does affect REINS through the decrease in the Q-factor; see Equation [(1)](#equ1){ref-type="disp-formula"}. To boost the signal level, we tune the rate of laser pulses to excite the higher-order cantilever flexural modes that are expected to have higher Q-factors in liquid.

The experimentally measured cantilever mechanical resonances in water and their Q-factors are shown in [Figure 2](#fig2){ref-type="fig"}. For the cantilever flexural modes above the 4th mode, the cantilever slope varies significantly over the 40-μm aligning laser spot diameter, thus resulting in a decrease in the PSPD signal, which limited our setup to the 4th flexural mode with a Q-factor of 9.9.

[Figure 1b](#fig1){ref-type="fig"} shows that despite the nanofocusing, a small fraction of the liquid surrounding the tip may still be exposed to a high-intensity optical field, thus resulting in significant liquid photoexpansion. Heavy water (D~2~O), compared with water (H~2~O), has a much smaller absorption coefficient in the Amide I and II bands^[@bib29]^ (see [Supplementary Information](#sup1){ref-type="supplementary-material"}). Therefore, we chose to operate in the D~2~O environment.

For a proof-of-concept demonstration, we fabricated nanoscale patterns of 20- and 50-nm-thick layers of Poly(methyl methacrylate) (PMMA) on top of the Ge prism. The spectra were obtained by normalizing the cantilever oscillation amplitude to the laser intensity (cf. Equation [(1)](#equ1){ref-type="disp-formula"}) and subtracting the D~2~O background signal, as discussed in the [Supplementary Information](#sup1){ref-type="supplementary-material"}. The spectrum of a 20-nm PMMA in D~2~O is plotted in [Figure 3a](#fig3){ref-type="fig"}. It features a sharp peak at 1730 cm^−1^, corresponding to the C=O stretching mode of PMMA. The signal-to-noise ratio of these measurements was estimated to be \~5. [Figure 3a](#fig3){ref-type="fig"} also shows an infrared absorption spectrum of bulk PMMA, which is in excellent agreement with the measured spectrum.

To demonstrate the spatial resolution of our technique, we performed spectroscopy and imaging of a 50-nm-thick PMMA pattern on a germanium prism. [Figure 3b](#fig3){ref-type="fig"} exhibits the AFM topography of a single 'UT' logo. We took the spectra at 30 points, at 25-nm intervals, along the arrow in [Figure 3b](#fig3){ref-type="fig"}. The selected spectra are shown in [Figure 3c](#fig3){ref-type="fig"}. The PMMA absorption peak appeared only when the tip was on top of the PMMA. To further demonstrate the nanoscale resolution of our technique, [Figure 3d](#fig3){ref-type="fig"} plots the photoexpansion signal strength at the laser wavenumber of 1730 cm^−1^ (at the PMMA peak) and at 1760 cm^−1^ (away from the PMMA peak) against the sample topography as a function of the tip position. The contrast was observed only at the PMMA absorption peak at 1730 cm^−1^, and the signal followed the shape of the topographical line scan.

[Figure 3e](#fig3){ref-type="fig"} shows the mid-infrared chemical mapping. In this case, we set our laser wavelength to the PMMA infrared absorption peak and measured the cantilever deflection signal as a function of the tip position. The area imaged in [Figure 3e](#fig3){ref-type="fig"} was the same as that of the topographic image in [Figure 3b](#fig3){ref-type="fig"}, and a clear contrast in the PMMA patterns was observed.

[Figure 4a](#fig4){ref-type="fig"} shows the simulated temperature distribution in a 20-nm PMMA sample and in the surrounding D~2~O at the end of a laser pulse. Our simulations showed that the sample experiences a maximum temperature increase of Δ*T*=2.8 K at the end of the laser pulse, which is comparable to the Δ*T*=5.9 K calculated for the monolayer sample on gold-coated substrates by using the REINS technique in air^[@bib18]^. [Figure 4b](#fig4){ref-type="fig"} shows that D~2~O heating was present, owing to liquid absorption, even when the sample was non-absorbing. The heating was significantly higher in the H~2~O environment, as plotted in [Figure 4c](#fig4){ref-type="fig"}, thus preventing us from measuring high-quality spectra from the PMMA samples in H~2~O below 100 nm in thickness (see [Supplementary Information](#sup1){ref-type="supplementary-material"}).

Despite a similar sample temperature change during the laser pulse, the sensitivity of REINS in D~2~O reported here was a factor of \~10 less than the monolayer sensitivity achieved in air^[@bib18]^. The main reason for the difference was a 10-fold decrease in the cantilever Q-factor. This constraint may be overcome in the future by using the encased cantilevers that have recently been reported^[@bib30]^, in which a hydrophobic encasement maintains an air bubble around the cantilever body. In this way, the water dynamic damping is suppressed, and the high Q-factor is maintained in water.

In conclusion, we have demonstrated a technique for the high-sensitivity vibrational nanospectroscopy of chemical samples in an aqueous environment. We achieved a spatial resolution of 25 nm and obtained spectra of polymer samples as thin as 20 nm. Our work lays a foundation for the infrared nanospectroscopy of chemical and biological samples in their native liquid environments and offers the possibility of *in vivo* studies of biological samples using infrared nanospectroscopy.

Methods
=======

Experimental setup
------------------

A broadly tunable quantum cascade laser (Daylight solutions) with a tuning range of 1470--1970 cm^−1^ was used as the light source in the setup. We kept the laser duty cycle at 6% in pulsed mode. The pulse peak power ranged from 80 mW to 460 mW depending on the operation wavelength. The laser beam was directed toward the sample by an adjustable gold mirror. During the measurement, the laser operated in a 'sweep scan' mode, in which the laser wavelength was swept continuously, and the laser sent trigger signals at equally spaced wavenumbers. By connecting the wavenumbers to the trigger points, we were able to assign the cantilever deflection signal from the lock-in amplifier to a laser wavenumber. The sweeping speed was adjustable from 0 to 100 cm^−1^ s^−1^. In the experiment, we scanned the laser wavelength at 30 cm^−1^ s^−1^, and the trigger points were set every 1.2 cm^−1^, with the lock-in integration time set at 30 ms.

The gold-coated silicon AFM probes (ContGB-G from BudgetSensors) had a typical tip radius of 25 nm. Heavy water (99.99% Deuterium oxide) was purchased from Sigma-Aldrich. After aligning the optics in air, we used a pipette to deposit a 10--15-μl D~2~O droplet on the target PMMA patterns. Then, we gently moved the AFM probe with the cover slide on top toward the droplet. After the cantilever was completely immersed in the droplet, we readjusted the AFM aligning laser to ensure that the laser spot hit at the end of the cantilever. The PSPD position was also calibrated so that the reflected laser spot is centered on the PSPD.

Polymer samples were positioned on top of optical grade Ge wedge prisms with a top surface roughness of 2 nm. A prism angle of α=14.5° ([Figure 1a](#fig1){ref-type="fig"}) was chosen so that the incident laser light normal to the cut surface had the critical angle of incidence at the Ge/air interface on top of the prism. In the case of the Ge/polymer and Ge/water interfaces, the critical angle on the prism surface was in the range of 19--22°, assuming typical values of the refractive index of polymer samples and water in the range of 1.3--1.5. The data presented in the manuscript were collected with a beam incidence angle of 20° with respect to the surface normal at the prism/sample interface, which corresponds to the incidence angle of 23.5° with respect to the cut surface of the prism.

Sample preparation
------------------

PMMA patterns on top of the prisms were fabricated via electron-beam lithography. The prism was cleaned via oxygen plasma reactive ion etching and then rinsed with copious amounts of acetone, isopropyl alcohol and deionized water (DI water) to thoroughly remove contaminants. PMMA photoresists of 20 nm and 50 nm in thickness were then spin-coated on top of the prism, followed by a 1-min prebake at 90 °C. A layer of conductive polymer Espacer (300Z Showa Denko) was also spin-coated before electron beam exposure to avoid the charging effect. After electron-beam lithography, the PMMA pattern was developed in a 1:3 MIBK/isopropyl alcohol solution and dried under a nitrogen flow.

Simulations
-----------

Electromagnetic field and temperature increase simulations were performed in 3D using COMSOL Multiphysics. The refractive indices of D~2~O and H~2~O were obtained from Ref. [@bib29] as 1.33+0.005i and 1.31+0.025i at 1730 cm^−1^, respectively.

For thermal simulations, we used thermal conductivity coefficients of 60, 0.2, 0.6 and 314 W·(m K)^−1^ and heat capacities of 1460, 310, 4186 and 129 J (kg K)^−1^ for the germanium, PMMA, D~2~O (H~2~O) and gold, respectively.
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![Experimental setup and tip-enhancement simulations. (**a**) Experimental setup for the photoexpansion nanospectroscopy in liquid. The polarization of the incident light is parallel to the incident plane. The wedge angle α is 14.5°. (**b**, **c**) Optical field intensity enhancement below the metallized AFM in the case of a sample (PMMA) on top of a germanium prism (**b**) and a ZnSe prism (**c**).](lsa201796f1){#fig1}

![Experimentally measured cantilever vibrational spectrum in D~2~O (black crosses), fitted using five resonant modes (red curve), as discussed in [Supplementary Information](#sup1){ref-type="supplementary-material"}. The Q-factors of the four modes are listed in the inset.](lsa201796f2){#fig2}

![REINS spectra and chemical nano-imaging. (**a**) Normalized REINS spectrum of a 20-nm-thick PMMA film in D~2~O vs the reference Fourier transform infrared spectroscopy (FTIR) absorption spectrum of PMMA. **(b**) AFM topography of a 50-nm-thick PMMA pattern. Bright areas are the PMMA film, and dark areas are the bare germanium. (**c**) REINS spectra, taken at 25-nm intervals along the arrow shown in **b**. (**d**) Topography (top) and the REINS signal (bottom) at 1730 cm^−1^ (black) and 1760 cm^−1^ (orange), taken at 25-nm intervals along the scan line shown in **b**. (**e**) Chemical mapping of the sample area shown in **b**.](lsa201796f3){#fig3}

![Temperature increase in the sample during the laser pulse. Simulated temperature distribution in the 20-nm-thick PMMA sample at the end of a 300-ns quantum cascade laser pulse with a pulse intensity of approximately 3.9 kW cm^−2^, assuming (**a**) a PMMA absorption coefficient of α~abs~=5400 cm^−1^ (corresponding to the peak PMMA absorption at 1730 cm^−1^) at the laser wavelength and the sample being immersed in D~2~O, (**b**) PMMA not absorbing (α~abs~=0) at the laser wavelength and the sample being immersed in D~2~O, and (**c**) PMMA not absorbing (α~abs~=0) at the laser wavelength and the sample being immersed in H~2~O.](lsa201796f4){#fig4}
